The endoplasmic reticulum (ER) functions to properly fold and process secreted and transmembrane proteins. Environmental and genetic factors that disrupt ER function cause an accumulation of misfolded and unfolded proteins in the ER lumen, a condition termed ER stress. ER stress activates a signaling network called the Unfolded Protein Response (UPR) to alleviate this stress and restore ER homeostasis, promoting cell survival and adaptation. However, under unresolvable ER stress conditions, the UPR promotes apoptosis. Here we discuss the current methods to measure ER stress levels, UPR activation, and subsequent pathways in mammalian cells. These methods will assist us in understanding the UPR and its contribution to ER stress related-disorders such as diabetes and neurodegeneration.
Introduction
The endoplasmic reticulum (ER) is a multifunctional organelle essential for the synthesis, folding, and processing of secretory and transmembrane proteins. In order for proteins to fold properly a balance between the ER protein load and the folding capacity to process this load must be established. However, physiological and pathological stimuli can disrupt this ER homeostasis resulting to an accumulation of misfolded and unfolded proteins, a condition known as ER stress. ER stress activates a complex signaling network referred as the Unfolded Protein response (UPR) to reduce ER stress and restore homeostasis. However, if the UPR fails to reestablish the ER to normality, ER stress causes cell dysfunction and death. [1] . Recent evidence further indicates that ER stress-mediated cell dysfunction and death is involved in pathogenesis of human chronic disorders including diabetes and neurodegeneraiton [2] . This chapter discusses the methods for measuring and quantifying ER stress levels, UPR activation and the subsequent downstream outcomes. We will mainly focus on the tissue culture system. Studying ER stress and the UPR will help us understand the pathophysiology and develop novel therapeutic modalities for ER stress-related disorders.
ER stress and the UPR

Endoplasmic reticulum (ER) and ER stress
The endoplasmic reticulum (ER) has an important role in the folding and maturation of newly synthesized secretory and transmembrane proteins. To ensure proper protein folding, the ER lumen maintains a unique environment to establish a balance between the ER protein load and the capacity to handle this load. This ER homeostasis can be perturbed by physiological and pathological insults such as high protein demand, viral infections, environmental toxins, inflammatory cytokines, and mutant protein expression resulting to an accumulation of misfolded and unfolded proteins in the ER lumen, a condition termed as ER stress.
The Unfolded Protein Response (UPR)
The adaptive response to ER stress is the unfolded protein response (UPR) (Figure 1 ). The UPR is initiated by three ER transmembrane proteins: Inositol Requiring 1 (IRE1), PKR-like ER kinase (PERK), and Activating Transcription Factor 6 (ATF6). During unstressed conditions, the ER chaperone, immunoglobin binding protein (BiP) binds to the luminal domains of these master regulators keeping them inactive. Upon ER stress, BiP dissociates from these sensors resulting to their activation.
The activated UPR regulates downstream effectors with the following three distinct functions: adaptive response, feedback control, and cell fate regulation [3] . (Figure 1 ) The UPR adaptive response includes upregulation of molecular chaperones and protein processing enzymes to increase folding and handling efficiency, translational attenuation to reduce ER workload and prevent further accumulation of unfolded proteins, and an increase in ER-associated protein degradation (ERAD) and autophagy components to promote clearance of unwanted proteins. Feedback control involves the negative regulation of UPR activation as ER homeostasis is being re-established to prevent harmful hyperactivation. . Cell fate regulation by the UPR plays an important role in the pathogenesis of ER stressrelated disorder. Our current model is that the UPR directly regulates both apoptotic and anti-apoptotic outputs, acting as a binary switch between the life and death of ER stressed cells [3] . When the cell encounters ER stress that the UPR can mitigate, the cell will survive and is primed for future ER stress insults. However, during unresolvable ER stress conditions, the UPR fails to reduce ER stress and restore homeostasis promoting cell death.
IRE1, PERK, and ATF6 signaling pathways
As mentioned previously, the UPR is regulated by the three master regulators, IRE1, PERK, and ATF6. (Figure 2) IRE1, a type I ER transmembrane kinase, senses ER stress by its N-terminal luminal domain [4] . Upon sensing the presence of unfolded or misfolded proteins, IRE1 dimerizes and autophosphorylates to become active. There are two isoforms of IRE1: IRE1α and IRE1β. IRE1α is expressed in all cell types and has been extensively studied. Activated IRE1α splices X-box binding protein 1 (XBP1) mRNA [5] [6] [7] . Spliced XBP1 mRNA encodes a basic leucine zipper (b-ZIP) transcription factor that upregulates UPR target genes, including genes that function in ERAD such as ER-degradation-enhancing-α-mannidose-like protein (EDEM) [8] , as well as genes that function in folding proteins such as protein disulfide isomerase (PDI) [9] . High levels of chronic ER stress can lead to the recruitment of TNF-receptor-associated factor 2 (TRAF2) by IRE1 and the activation of apoptosis-signaling-kinase 1 (ASK1). Activated ASK1 activates c-Jun N-terminal protein kinase (JNK), which in turn plays a role in apoptosis by regulating the BCL2 family of proteins [10] [11] [12] .
PERK is also a type I ER transmembrane kinase. Similar to IRE1α, when activated by ER stress, PERK oligomerizes, autophosphorylates and then directly phosphorylates Ser51 on the α subunit of eukaryotic initiation factor 2 (eIF2α) [13] . Phosphorylated eIF2α prevents formation of ribosomal initiation complexes leading to global mRNA translational attenuation. This reduction in ER workload protects cells from ER stress-mediated apoptosis [14] . Meanwhile some mRNAs require eIF2α phosphorylation for translation such as the mRNA encoding activating transcription factor 4 (ATF4). ATF4 is a b-ZIP transcription factor that regulates several UPR target genes including those involved in ER stressmediated apoptosis such as C/EBP homologous protein (CHOP) [15] .
A third regulator of ER stress signaling is the type II ER transmembrane transcription factor, ATF6. [16] . ATF6 has two isoforms, ATF6α and ATF6β. ATF6α has been extensively studied in the context of ER Stress. Upon ER stress conditions, ATF6α transits to the Golgi where it is cleaved by site 1 (S1) and site 2 (S2) proteases, generating an activated b-ZIP factor [17] . This processed form of ATF6α translocates to the nucleus to activate UPR genes involved in protein folding, processing, and degradation. [18, 19] .
3. Cell culture system and ER stress induction 3.1. Mammalian cells as a model system for studying ER stress and the UPR Protein folding in the ER is essential to the survival of individual cells, explaining the evolution of the UPR in unicellular organisms such as yeast. But as secretion is the basis of multicellularity, ER protein folding homeostasis powerfully impacts the physiology of mammals. Dysregulation of ER homeostasis can cause chronic diseases in humans. Therefore, it is important to study ER stress and the UPR using mammalian cells to understand the UPR and ER stress-related diseases. Mouse embryonic fibroblasts (MEFs) are powerful tools for studying the UPR because MEFs from Ire1α, Ire1β, Perk, ATf6α, ATF6β, Xbp-1, Atf4, and Gadd34 knockout mice are available [10, [20] [21] [22] [23] [24] [25] [26] [27] . The UPR is particularly important for maintaining ER homeostasis in professional secretory cells such as pancreatic β cells and plasma cells. The mouse β cell line, MIN6, and the rat β cell lines, INS-1 and INS-1 832/13, are often used to study ER stress and the UPR in the context of the β cell [28] [29] [30] . Human, mouse, and rat primary islets are also great tools available. Multiple myeloma is a cancer derived from plasma cells. J558 is a multiple myloma cell line and has been shown to be useful to develop a therapy targeting the XBP-1 pathways [31] . It is important to note that each cell type responds to ER stress and activates the UPR in a unique manner.
ER stress inducers
3.3.1. Pharmaceutical ER stress inducers-There are several available chemicals to induce ER stress and activate the UPR in a tissue culture system including tunicamycin, thapsigargin, Brefedin A, dithiothreitol (DTT), and MG132. The concentration and duration of treatment in which ER stress is induced by these compounds should be determined for each particular system. Typically only a few hours are required to induce ER stress and long exposures often induce ER stress-mediated cell death. Tunicamycin is an inhibitor of the UDP-N-acetylglucosamine-dolichol phosphate N-acetylglucosamine-1-phosphate transferase (GPT), therefore blocking the initial step of glycoprotein biosynthesis in the ER. Thus, treatment of tunicamycin causes accumulation of unfolded glycoproteins in the ER, leading to ER stress. In many cell types, ER stress can be induced by treating cells with 2.5-5 µg/ml of tunicamycin for 5 hours. Thapsigargin is a specific inhibitor of the sarcoplasmic/ endoplasmic reticulum Ca2+-ATPase (SERCA). Treatment with thapsigargin results in a decrease in ER calcium levels. When calcium levels are lowered in the ER, the calciumdependent ER chaperones, such as calnexin, lose their chaperone activity, leading to the accumulation of unfolded proteins. ER stress can be induced by treating cells with 0.1-1 µM of thapsigargin for 5 hours. Brefeldin A inhibits transport of proteins from the ER to the Golgi and induces retrograde protein transport from the Golgi apparatus to the endoplasmic reticulum. This leads to the accumulation of unfolded proteins in the ER. DTT is a strong reducing agent and blocks disulfide-bond formation, quickly leading to ER stress within minutes. Because DTT also blocks disulfide-bond formation of newly synthesized proteins in the cytosol, it is not a specific ER stress inducer. MG132, is a specific, and cell-permeable proteasome inhibitor. Consequently MG132 blocks ER-associated protein degradation (ERAD) and causes misfolded proteins to accumulate in the ER. Thus, MG132 induces ER stress indirectly.
3.3.2
Physiological ER stress inducers-Physiological perturbants are commonly used to induce mild ER stress in a tissue culture system. As mentioned with pharmaceutical inducers, the amount and time of exposure to these inducers should be determined in a given system. Glucose deprivation blocks N-linked glycosylation and reduces cellular ATP levels, leading to ER stress in many cell types. ER stress can be induced by treating cells with glucose-free media for 24-48 hours. Glucose deprivation is not a strong inducer of cell death.
ER stress and the UPR are unique from cell to cell. Therefore there are specific ER stress inducers for a given cell type each activating the UPR in a distinct manner. ER stress and the UPR have been extensively studied in pancreatic β cells. Some specific β cell ER stress inducers include acute and chronic high glucose, cytokines, free fatty acids, and overexpression of mutant insulin-2. Both acute (1-3 hours) and chronic (≥ 24 hours) high glucose (≥16.7 mM) induces IRE1α phosphorylation in pancreatic β cells. However, acute high glucose does not induce PERK activation. Inflammatory cytokines such as IL-1β and IFN-γ can cause ER stress in β cell lines and primary islets. In rat insulinoma INS-1E cells and rat primary islets, ER stress can be triggered by IL-1β (50 units/ml) alone or IL-1β (50 units/ml) + IFN-γ (0.036 µg/ml) in 24 hours [32] activating the IRE1 and PERK arms of the UPR. Saturated free fatty acid, palmitate (0.25 -5mM) can cause ER stress and activate the UPR within at least 4 hours in INS-1E rat insulinoma cells and MIN6 mouse insulinoma cells as well as in primary rat and human islets [33] . Finally β cells specialize in the synthesis, processing and secretion of insulin. Thus overexpression of misfolded mutant insulin-2 (C96Y) in β cell lines and pancreatic islets from Akita mice expressing this mutant insulin demonstrate ER stress and activation of the UPR. [34] It has been shown that free cholesterol causes ER stress in macrophages and preferentially activates the CHOP branch of the UPR. Acetyl-LDL (100 µg/ml) plus the acylCoA:cholesterol acyltransferase inhibitor 58035 induces ER stress in macrophages in 5-10 hours [35] . This method is used to study the role of ER stress-mediated macrophage death during the progression of atherosclerosis [35] .
In vascular endothelial cells, homocysteine can cause ER stress. In Human Umbilical Vein Endothelial Cells (HUVEC), GRP78 (BiP) mRNA expression is induced by 1-5 mM of homocysteine in 4-8 hours [36] .
Measuring ER stress
Commonly we add an ER stress inducer and measure the activation of the UPR and the consequent downstream responses. However these results do not directly reflect the accumulation of misfolded and unfolded protein within the ER lumen. It has been challenging to directly measure ER stress levels in cells. Here we discuss at least two methods that directly measure ER stress.
ER dilation (EM)
Upon ER stress, the ER lumen is remarkably enlarged in cells and tissues, which can be detected by electron microscopy [37] [38] [39] . This method has been used often to detect ER stress in pancreatic β cells.
Real-time redox measurements during ER stress
The ER maintains an oxidizing environment to promote disulfide bond formation in newly synthesized proteins [40] . An increase in ER protein load could overwhelm oxidative folding enzymes, preventing proper disulfide formation and therefore inducing ER stress. Feroz Papa's group recently developed a method to monitor the redox state of GFP to reflect ER stress [42] . This reporter named "eroGFP (ER-targeted redox-sensitive GFP)" has been designed to change fluorescence at two maximas, 400 and 490 nm, upon disulfide formation between an engineered cysteine pair. As eroGFP becomes reduced, excitation at 490 nm increases while decreases at 400 nm. The ratio of the fluorescence measured at 490 nm versus 400 nm reports ER redox status in cells.. Currently this method is only available in yeast cells. We are collaborating with Papa's group to adapt this system in mammalian cells (Ishigaki, Marksamer, Lu, Papa, and Urano, unpublished).
Studying the UPR master regulators activation
The ability to measure IRE1α and PERK phosphorylation, and ATF6α cleavage would be ideal to determine UPR activation levels. However; endogenous expression levels of these molecules are low and hard to detect with available commercial antibodies. Thus, alternatively, we suggest measuring expression and activation levels of downstream components regulated by these master regulators to determine UPR activation.
Methods for measuring IRE1α activation
IRE1α is an ER transmembrane serine/threonine kinse undergoing autophosphoryaltion upon ER stress. Thus, the best way to measure activation levels of IRE1α is to measure its phosophorylation levels. Our group developed anti-phospho-IRE1α specific antibody from bulk antiserum by affinity purification followed by adsorption against the nonphospho analog column peptide (Open biosystems, Huntsville, AL). The peptide sequence for generating the antibody was CVGRH (pS) FSRRSG. This phosphopeptide was synthesized, multi-link-conjugated to KLH, and used to immunize 2SPF rabbits. Rabbit anti-total-IRE1α antibody (B9134) was generated using a peptide, EGWIAPEMLSEDCK. Samples are prepared by lysing cells with ice cold M-PER buffer (PIERCE, Rockford, IL) containing protease inhibitors, incubated on ice for 15 min and centrifuged at 13,000 × g for 15 min at 4°C. Supernatant was collected and total protein concentrations are measured. 10 ug of proteins are prepared with sample buffer and heated for 5 min at 95°C. Denatured proteins were separated using 4%-20% linear gradient SDS-PAGE (Bio Rad, Hercules, CA) and transferred onto PVDF membrane. Non-specific binding sites are blocked with 5% milk in 1X TBS + 0.1% Tween-20 (TBST) for 1 h at room temperature followed by overnight incubation at 4°C with diluted anti-IRE1α antibody (1:1000) in 5% milk-TBST. Next day, blots are incubated with diluted HRP-conjugated anti-rabbit antibody (1:3000, Cell Signaling) in 5% BSA-TBST for 1 h. Membrane-bound antibodies are detected by ECL Western Blotting Substrate (Pierce). All of our immunoblots are performed in this manner. Table 1 lists working antibodies that we commonly use to detect UPR proteins. Activated IRE1α functions as an endoribonuclease splicing a 26 base pair intron from XBP-1 mRNA. Spliced XBP-1 mRNA is translated into a stable and active UPR transcription factor. Measuring XBP-1 splicing represents a reliable indirect method of determining IRE1α activation. We have designed primers that can specifically detect spliced and unspliced XBP-1 transcripts by quantitative real-time PCR.
[CO2] [43] . (Table 2 ) Using these primers, we could successfully quantify expression levels of spliced and unspliced XBP-1 in different cell lines [44, 45] . Total RNA were isolated from cells using RNeasy Mini Kit (Qiagen) and reverse transcribed to cDNA using 1 µg of total RNA with ImProm-II Reverse transcription system (Promega). Primers and diluted cDNA samples were prepared with Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) for qRT-PCR. For the thermal cycle reaction, the iQ5 system (BioRad, Hercules, CA) was used at 95°C for 10 min, then 40 cycles at 95°C for 10 sec and at 55°C for 30 sec. The relative amount for each transcript was calculated by a standard curve of cycle thresholds for serial dilutions of cDNA samples and normalized to the amount of β-actin. The polymerase chain reaction (PCR) was performed in triplicate for each sample, after which all experiments were repeated twice. Spliced and unspliced XBP-1 mRNA can also be measured by semiquantitative RT-PCR and XBP-1 protein can be detected by immunoblot using anti-XBP-1 specific antibody (Santa Cruz).
As stated above, a 26-nucleotide intron of XBP-1 mRNA is spliced out under ER stress conditions leading to a frame shift. Taking advantage of the ER stress-dependent splicing of XBP-1, a fluorescent signal-based ER stress reporter has been developed [46] . A gene encoding venus, a variant of green fluorescent protein, is fused to human XBP1 downstream of the 26-nt intron. Under normal conditions, the mRNA of this fusion gene is not spliced, and therefore its translation is terminated at a stop codon between XBP1 and venus genes. However, under ER stress conditions, the 26-nt intron is spliced out, leading to a frameshift allowing the production of XBP1-venus fusion protein which can be detected by monitoring the fluorescence activity of venus. In transgenic mice expressing XBP-1-venus fusion protein, strong fluorescence in the kidney and pancreas was detected when tunicamycin was injected intraperitoneally. Thus, transgenic mice expressing XBP-1-venus could be used to monitor ER stress levels in vivo.
IRE1α knockout mouse embryonic fibroblasts are available in the research community [7, 10, 47] . These cells can be used as a negative control for assessing activation levels of IRE1α and its downstream components.
Methods for measuring PERK activation
Similar to IRE1α, PERK also undergoes transautophosphorylation upon ER stress. Phosophorylation levels of PERK can be detected by a phospho-specific PERK antibody (Cell Signaling Technologies, Danvers, MA). Upon activation, PERK phosphorylates eIF2α to reduce global mRNA translation. Measuring eIF2α phosphorylation levels by immunoblot using anti-phopho-eIF2α specific antibody (Cell Signaling, Danvers, MA) indirectly reflects PERK activation. However it must be noted that other eIF2α kinases exist and therefore proper controls should be included to confirm PERK dependent eIF2α phosphorylation.
Salubrinal is a selective inhibitor of cellular complexes that dephosphorylate eIF2α [48] . Thus, addition of salubrinal to cells enhances eIF2α phosphorylation. This compound can be used to study the eIF2α-dependent arm of PERK signaling. We treat cells with 75 µM salubrinal for 16 hours to observe enhanced eIF2α phosphorylation.
Other available tools include PERK knockout mice and PERK knock out mouse embryonic fibroblasts [21, 49, 50] .
Methods for measuring ATF6α activation
As mentioned previously, in response to ER stress, ATF6α (90 kDa) transits to the Golgi apparatus and cleaved by SP1 and S2P producing a 50 kDa form which translocates to the nucleus to activate transcription of UPR genes [18] . By transfecting cells with a GFP-ATF6α fusion protein, ATF6 translocation events upon ER stress can be monitored by fluorescence microscropy. [51] Detection of the cleaved 50-kDa form of ATF6α by immunoblot using anti-ATF6α specific antibody (Imgenex) can be used as an indicator of ATF6α activation. The immunoblot protocol includes an unmasking step after blocking in order to reveal the antigen for antibody binding. Incubate the membrane in a sealed ziplock bag containing 50 ml of unmasking buffer (2% w/v SDS, 62.5mM TrisHCl or standard 1x PBS, 100 mM β-mercaptoethanol) in a 70°C water bath for 30 min. Discard the unmasking buffer and wash blot twice with PBS or Tris-HCl. Reblock the membrane and continue the protocol as usual. Another alternative to study ATF6α activation is measuring mRNA expression levels of genes that are regulated transcriptionally by ATF6α. Details of measuring transcription will be discussed later on.
Studying UPR downstream markers and responses
Immunostaining and immunofluorescence for downstream markers of the UPR
Immunostaining can also be used to measure UPR activation.
[CO4]The advantage of immunostaining is that we can study tissues from patients or mouse models with ER stressrelated diseases. Many of the antibodies discussed previously could be used for immunocytochemistry. In addition, CHOP, BiP and PDI antibodies can be used as indicators of cells undergoing ER stress conditions. CHOP is regulated under the PERK-eIF2α-ATF4 pathway and has been shown to have a role in ER stress mediated apoptosis. However, it must be cautioned that many commercially available antibodies for detection of CHOP expression fail specificity evaluation [52] . BiP is a central regulator of the UPR stress sensors as well as an ER chaperone to assist protein folding. BiP is highly expressed in the ER and can be used as an ER marker. PDI is involved in oxidative protein folding in the ER lumen and its expression is induced by ER stress.
To perform immunocytochemistry, we grow our cells typically onto four well Lab-Tek chambers. After ER stress induction, cells are fixed with 4% paraformaldehyde in PBS for 30 min at room temperature followed by permeabilization with 4% paraformaldehyde and 0.1 % Triton for 2 min at room temperature. Chambers are removed and slides are rinsed in PBST (PBS + 0.1% Tween). Non-specific binding sites are blocked by incubating samples with Image-iT Signal Enhancer (Invitrogen) for 30 min at room temperature. Samples are incubated with diluted [CO5]primary antibody in antibody diluent (Dako) overnight at 4°C in a humidified chamber. The next day slides are rinsed with PBST three times and then incubated with diluted secondary antibody in antibody diluent (1:200 -1:1000) for 1 hour at room temperature. Slides are rinsed four times with PBST and one more time with PBS. Finally slides are mounted with ProLong Gold antifade mounting medium containing DAPI to stain DNA (Molecular Probes, Invitrogen). Slides could be viewed immediately by fluorescence microscopy or stored in the dark at 4°C for a month and at −80°C for several months.
Measuring transcriptional activation of the UPR
Upon ER stress conditions, activated master regulators of the UPR communicate to the nucleus to regulate the transcription of genes involved in protein folding and processing to increase the ER protein folding capacity, ERAD and autophagy components to reduce the ER workload, and cell survival and death factors to determine the fate of the cell depending on the ER stress condition.
IRE1α, PERK and ATF6α are all involved in regulating transcription during ER stress. IRE1α directly regulates the splicing of XBP1 mRNA to produce a transcriptionally active basic leuzine zipper transcription factor. XBP1 regulates chaperones, folding catalysts and ERAD components such as BiP, EDEM, and HRD1. Phosphorylated eIF2α by PERK generally reduces mRNA translation; however, preferentially favors translation of some mRNAs such as the transcription factor ATF4. ATF4 regulates genes involved in antioxidative stress, amino acid biosynthesis, protein folding and degradation, and apoptosis such as C/EBP homologous protein (CHOP). CHOP of GADD153 is a bZIP transcription factor regulating apoptosis related genes such as death receptor 5 (DR5), tribble 3 (TRB3), and members of the BCL2 family of proteins. One of the most reliable methods to measure transcriptional regulation of the UPR in ER stressed cells is by quantitative real-time PCR. Table 2 lists commonly measured UPR genes and their primers.
Many of the genes regulated by the UPR contain unique cis-acting response elements within their promoters. These include ERSE (ER stress response element, 5'-CCAAT-N9-CCACG-3'), ERSE-II (ER stress response element II, 5'-ATTGG-N1-CCACG-3') and the UPRE (Unfolded Protein Response element, 5'-TGACGTGG/A-3').
Instead of measuring mRNA expression levels of UPR genes, there are several reporter systems that reflect endogenous UPR activation levels.
[CO6] A luciferase plasmid driven by the human Grp78 promoter is commonly used. The promoter contains three copies of ERSE upstream of the TATA element. Another luciferase reporter often studied contain one or five ATF6α binding sites [53] . This reporter can be activated by ER stress inducers as well as ATF6α and XBP-1 overexpression. Cells are transfected with luciferase reporters, overexpression vectors, and beta galactosidase internal control using optimized transfection methods. We commonly transfect COS7 or 293T cells by Lipofectamine 2000 (Invitrogen) for luciferase assays. After 24-48 hours post-transfection, cells are treated with ER stress inducers and/or harvested using the Luciferase Assay System kit (Promega). We have determined that low dose ER stress (e.g. 50 nM Tg and 0.5 ug/ml tunicamycin, 18hours) can activate GRP78 and ATF6α luciferase reporters. Firefly luciferase and beta galactisade activitities (β-gal reporter gene assay, chemiluminescent, Roche) are measured by a standard plate reading luminometer.
Measuring translational attenuation of the UPR
Translational attenuation is an early UPR response in order to reduce the ER protein workload. In response to ER stress, cells attenuate translation through PERK-mediated eIF2α phosphorylation. As mentioned earlier, eIF2α phosphorylation can be detected by western blot. Translational attenuation can be measured by metabolic pulse labeling of newly synthesized proteins and polyribsome profiling using standard protocols [13] . As the UPR restores ER homeostasis, GADD34 interacts with protein phosphatase 1c to dephosphorylate eIF2α restoring protein synthesis. [54] Gadd34 expression is induced by ER stress and regulated under the PERK-ATF4 pathway.
Measuring ERAD and protein stability
The UPR removes harmful proteins by regulating expression of ERAD genes. During ERAD, misfolded and unfolded proteins are recognized by ER chaperones, retrotranslocated out of the ER into the cytosol, and finally ubiquitinated and degraded by the proteasome. ATF6, XBP-1, and ATF4 are all involved in regulating the transcription of ERAD components such as EDEM and HRD1. To study the ERAD pathway, three proteins susceptible to misfolding in the ER; TCRα, mutant alpha-1-antitrypsin NHK3 and the DeltaF508-variant cystic fibrosis transmembrane conductance regulator protein, are often used [55] [56] [57] [58] . These substrates can be ectopically expressed in cells and their stability can be monitored by cycloheximide chase or metabolic pulse-chase labeling assays.
[CO8]Degradation rates of these proteins reflect the activation levels of ERAD in cells. In addition ubiquitination of an interested ERAD substrate can be studied by treating cells with the proteasome inhibitor, MG132, immoprecipitating the protein of interest followed by immunoblot with anti-ubiquitin antibody (Cell signaling).
Measuring mRNA degradation
It has been shown that ER stress accelerates degradation of mRNAs in cells [59] . This is largely dependent on the RNase activity of IRE1α [59, 60] . Under unresolvable ER stress conditions, the RNase domain of IRE1α plays a role in degrading mRNAs encoding secretory proteins in addition to splicing XBP-1 mRNA. In β cell lines, insulin mRNA has been shown to be a substrate of IRE1 and is quickly degraded under ER stress conditions [61] [62] [63] . This phenomenon can be used in detecting and quantifying unresolvable ER stress in pancreatic β cells. Cellular mRNA transcription is attenuated by treating β cells with 100µg/mL actinomycin D for 1 hr. Total RNA is isolated at different time points, reverse transcribed to cDNA, and insulin gene transcripts are measured by real-time PCR as described before. Time point zero for each condition is standardized to 1 and the subsequent rate of degradation of mRNA is measured. Degradation rate of insulin mRNA could be used as a biomarker for β cells experiencing unresolvable ER stress.
Measuring ER stress-mediated apoptosis
When the UPR fails to restore ER homeostasis and attenuate ER stress, the UPR activation induces apoptosis. ER stress-mediated apoptosis is involved in many human chronic diseases. Thus, measuring ER stress-mediated apoptosis will aid us in understanding the pathogenesis of ER stress-related disorders.
There are several components of the UPR that could contribute to ER stress-mediated apoptosis including the IRE1α-ASK1-JNK signaling pathways, CHOP regulation of BCL2 protein family members and apoptotic genes, ER localized Bax and Bak, and glycogen synthase kinase 3β (GSK3β). Activated IRE1α binds to the adaptor protein TRAF2 and subsequently activate ASK1, which activates the JNK pathway. The JNK pathway has been shown to play an important role in ER stress-mediated cell death by regulating the BCL2 family of proteins [10, 11, 64] . IRE1α, ASK1, and JNK are serine/threonine protein kinases and therefore their activation levels can be measured by phospho-specific antibodies.
[CO10] CHOP is a pro-apoptotic transcription factor of the UPR [65] . Because its baseline expression is low, its upregulation and activation can be measured by immunoblot or realtime PCR as mentioned previously. Cells undergoing ER stress mediated cell death can also be determined by immunostaining for CHOP. Proapoptotic BCL-2 family members BAX and BAK are associated with the ER membrane. Upon ER stress, BAK and BAK undergo conformational changes forming pores in the membrane causing Ca2+ to leak into the cytosol, which in turn stimulate the activation of apoptotic pathways. BAX and BAK double knockout cells are resistant to ER stress-mediated cell death [66, 67] . BAX and BAK expression levels can be detected by immunoblot.
[CO11]Finally GSK3β also plays a role in ER stress-mediated apoptosis. GSK3β is a substrate of the survival kinase, Akt [68] , and it has been demonstrated that attenuation of Akt phosphorylation during ER stress mediates dephosphorylation of GSK3β, leading to ER stress-mediated apoptosis [69] . GSK3β phosophorylation levels can be measure by anti-phospho-specific GSK3β antibody.
ER stress-mediated apoptosis can be measured by standard methods. Measuring caspase-3 cleavage (Cell Signaling) by immunoblot, staining the cells with PE Annexin-V (BD Biosciences) followed by FACS analysis, TUNEL staining using the DeadEnd ™ Colorimetric TUNEL System (Promega), and cell viability assays using CellTiter-Glo (Promega) are commonly used in our lab. Response categories of the Unfolded Protein Response. Three ER transmembrane proteins, IRE1, PERK, and ATF6, sense ER stress in the ER lumen and become activated regulating a cascade of signaling pathways collectively termed the Unfolded Protein Response (UPR). The UPR has three functions: adaptive response, feedback control, and cell fate. Under the adaptive response, the UPR aims to reduce ER stress and restore ER homeostasis. If the UPR is successful, the UPR signaling pathways are turned off by feedback mechanisms. The UPR also regulates both survival and death factors that govern whether the cell will live or not depending on the severity of the ER stress condition. ER stress can be induced by several chemical and physiological inducers. Actual ER stress has been difficult to measure directly. Currently observing ER distension by electron microscopy (EM) and measuring oxidative protein folding (eroGFP) are available. The activation of the UPR master regulators has also been challenging but could be attempted by detecting IRE1α and PERK phosphorylation, and ATF6α cleavage by specific antibodies using western blot (WB). ATF6α translocation can be monitored by fluorescence microscopy of GFP-ATF6α. The downstream outputs of the UPR master regulars are readily measurable. IRE1α splices XBP-1 mRNA which can be detected by quantitative real time PCR (qRT-PCR), XBP-1 venus, and western blot (WB). IRE1α also mediates degradation of ER localized mRNAs, which can be measured by pulse chase assays. PERK phosphorylates eIF2α, which can be detected by specific antibodies. Phosphorylated eIF2α triggers global mRNA translation attenuation, which can be measured by standard methods such as pulse labeling and polyribsome profiling. Activated ATF6α is a transcription factor and regulation of its downstream target genes can be measured by qRT-PCR. The UPR in general regulates several transcription factors and in turn their transcriptional targets can be measured by qRT-PCR and luciferase assays. The UPR also induces expression of ERAD components as well as survival and death components. ERAD and apoptosis can be measured by standard methods.
